General rights Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these rights. grow under any stress condition tested, whereas ΔhpnI, ΔhpnJ, and ΔhpnK displayed wild type 42 growth rates when exposed to detergent, but varying levels of sensitivity to low pH and 43 polymyxin B. This study not only elucidates the biosynthetic pathway of hopanoids in B. 44 cenocepacia, but also uncovers a biosynthetic role for the conserved proteins HpnI, HpnJ, and 45
Introduction 52
Hopanoids are bacterial membrane lipids ubiquitous in modern day environments dominated by 53 microbes and readily preserved in ancient sedimentary rock (Ourisson and Albrecht, 1992) , making 54 them ideal tools for reconstructing and understanding microbial ecosystems (Brocks et al., 2004 ; 55
Summons and Lincoln, 2012). Due to size and structural similarities, hopanoids are considered 56 bacterial surrogates of eukaryotic sterols, possibly regulating the fluidity and permeability of the 57 bacterial membrane (Ourisson et al., 1987; Kannenberg, 1999) . Only recently have studies focused on 58 determining the biological function of hopanoids using genetic manipulation and in vivo 59
experimentation. Such studies confirm that hopanoids are involved in enhancing the stability and 60 impermeability of the bacterial membrane, conferring resistance to multiple stress conditions 61 including pH, temperature, and exposure to detergents and antibiotics (Doughty et modified by unsaturation, methylation and/or the addition of diverse C 5 ribose-derived side chains 67 (Flesch and Rohmer, 1988; Rohmer, 1993) . To date, few studies have successfully investigated the 68 genes or proteins involved in modifying the hopanoid core. HpnP and HpnR have been identified as 69 the radical S-adenosylmethionine (SAM) enzymes responsible for production of 2-and 3-70 methylhopanoids, respectively (Welander et al., 2010; Welander and Summons, 2012) . The 71 production of C-3 methylated hopanoids is important for late stationary survival and maintenance of 72 intracytoplasmic membranes in Methylococcus capsulatus (Welander and Summons, 2012) , while the 73 production of C-2 methylated hopanoids is important for stress tolerance (Welander and Summons, 74 2012; Kulkarni et al., 2013) . Hopanoids with C 35 extended side chains are common among hopanoid 75 producers, but little is known about their biosynthesis or their function(s). The B-12 binding radical 76 SAM protein HpnH and the nucleoside phosphorylase HpnG catalyze the first and second steps in 77 hopanoid side chain biosynthesis, respectively (Bradley et al., 2010; Welander et al., 2012b) . In 78
Rhodopseudomonas palustris, the deletion of hpnH resulted in a strain only capable of producing C 30 79 be essential for bacterial viability, as their homologs could not be deleted in R. palustris (Welander et 136 al., 2012b) . In the present study, we focus on the genes required for the synthesis of the hopanoid 137 chain (Table 1) . 138
The hpnA homolog (BCAM2735) could not be deleted; repeated attempts to delete this gene 139 resulted in exconjugants reverting to the wild type background. To confirm whether this gene was 140 essential for bacterial viability, we created a conditional mutant by placing hpnA under the control of 141 a rhamnose-inducible promoter (Ortega et al., 2007) . The conditional P rhaB ::hpnA mutant could grow 142 in the presence of rhamnose (permissive condition) and glucose (non-permissive condition), 143 indicating that hpnA is not essential for B. cenocepacia (data not shown). The reasons why this gene 144
could not be deleted remain unknown. A similar case was encountered when attempting to delete 145 hpnH (BCAM2739). To successfully remove hpnH from the chromosome the deletion had to be 146 constructed in a Δshc background strain (Schmerk et al., 2011). After hpnH was successfully deleted, 147 hopanoid production was restored by introducing pBCAM2831, which encodes the HpnF2 squalene-148 hopene cyclase. 149
Chemical analyses of the hopanoids produced by the deletion mutants were performed by gas 150 chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-151 MS), and demonstrated that five of the ten genes play roles in the production of extended hopanoids 152 (Table 2) . The other five genes did not demonstrate a clear role in hopanoid biosynthesis. It is possible 153 that these genes are involved in the regulation of hopanoid production or their transport to specific 154 locations within the bacterial cell envelope, both of which were not evaluated in this study. 155
156

HpnI and HpnK are required for bacteriohopanetetrol glucosamine production 157
The B-12 binding radical SAM protein HpnH is responsible for the primary step in producing 158 extended hopanoids (Bradley et al., 2010; Welander et al., 2012b) . The C 5 unit of the extended 159 hopanoid side chain is derived from a ribosugar, whose addition is catalyzed by HpnH (Figure 2 protein motif which is thought to be involved in cellulose metabolism (Lai and Ingram, 1993 2013).Therefore, it is possible that the ring contraction that converts the BHT glucosamine to the 217 cyclitol ether also occurs through a radical SAM mechanism. 218 219
Phylogenetic analysis of HpnI and HpnJ homologs 220
The production of BHT glucosamine has been documented in several species, including Z. mobilis, 221
Geobacter sulfurreducens, G. metallireducens and B. cepacia (Flesch and Rohmer, 1989 differentiate between these non-hopanoid biosynthesis radical SAM proteins and true HpnJ homologs 252 the e-value for a bona fide HpnJ was set to e -100 or lower, as these was the lowest e-value for which a 253 homolog of known but different function could be identified. The majority of HpnJ homologs were 254 found in species that also contained an HpnI homolog, thereby suggesting that the production of BHT 255 cyclitol ether depends on the production of a BHT glucosamine precursor, as we have observed in B. 256 cenocepacia. As B. cenocepacia appears to produce much more BHT cyclitol ether than BHT 257 glucosamine (Figure 3a) , we speculate that the former plays the dominant role in maintaining 258 membrane stability in response to environmental stresses. role in the ability of B. cenocepacia to grow under diverse stress conditions, including low pH, the 263 detergent sodium dodecyl sulfate (SDS), and the antimicrobial lipopeptide polymyxin B. This is likely 264 due to the capacity of hopanoids to maintain membrane stability, a notion that was consistent with the 265 observed retraction of the inner membrane from the outer membrane in the Δshc strain, and the 266 mutant's inability to produce flagella (Schmerk et al., 2011). To determine whether extended 267 hopanoids play any role in the ability of B. cenocepacia to resist stress conditions we monitored the 268 growth of all mutants over a period of 24 h in LB buffered to pH 7.0 or pH 4.0, as well as LB 269 supplemented with 0.03% SDS or 1 mg ml -1 polymyxin B. ΔhpnH, which only produces the C 30 270 hopanoid diploptene, behaved like Δshc, as it was unable to grow in all conditions tested, except in 271 the pH 7.0 control medium (Figure 6 ). Therefore, we conclude that the production of diploptene alone 272
is not sufficient for B. cenocepacia to fully adapt to the stress conditions tested. The susceptibility of 273 2009; Loutet and Valvano, 2011). We were unable to determine if this membrane damage results in 277 decreased motility, as the construction of the hpnH strain required the presence of a complementing 278 plasmid expressing hpnF2 (pBCAM2831). The pSCRhaB2 vector used for this complementation 279 severely alters motility patterns observed in swarming and swimming assays. There was no significant 280 motility defect observed for any of the other nine mutants tested indicating that diploptene and/or 281 adenosyl hopane, which is produced by ΔhpnG, alone can confer sufficient membrane integrity or 282 stability to properly assemble the flagellar apparatus. 283
The remaining mutants with defects in hopanoid side chain assembly demonstrated a range of 284 phenotypes under stress (Figure 7) . ΔhpnG, which only produces adenosylhopane, had a phenotype 285 similar to ΔhpnH and was unable to grow in all conditions tested aside from the pH 7.0 control. The 286 minimum inhibitory concentration (MIC) of polymyxin B for ΔhpnG was 64 µg ml -1 (data not 287 shown), a significantly lower value than that of the wild type (>1024 µg ml -1 ), and comparable to that 288 of Δshc (128 µg ml -1 ). Therefore, lack of hopanoids (Δshc) and production of adenosyl hopane 289 The ΔhpnI, ΔhpnJ, and ΔhpnK mutants could grow similarly to wild type in 0.03% SDS (Figure  297 7), indicating that the presence of the C 35 extended hopanoid BHT is sufficient to confer a higher 298 degree of membrane integrity than the C 30 hopanoid diploptene. ΔhpnI and ΔhpnJ were partially 299 resistant to low pH and polymyxin B, and grew slower than wild type (Figure 7) . Comparatively, 300
ΔhpnJ displayed a less severe phenotype than ΔhpnI, demonstrating that the three C 35 extended 301 hopanoids are likely to play unique roles in enhancing the membrane integrity of B. cenocepacia. 302
Complementation of the ΔhpnI and ΔhpnJ mutants with pHpnI and pHpnJ, respectively, restored 303 growth at pH 4.0 and in the presence of polymyxin B to wild type levels ( Figure S5) . 304
ΔhpnK, which is thought to produce only acetylated BHT glucosamine, grew more poorly than 305
ΔhpnI and ΔhpnJ at pH 4.0 and could not in 1 mg ml -1 polymyxin B (Figure 7) . Figure S5) . 313
The remaining mutants tested displayed high variations in their degree of sensitivity to the tested 314 stress conditions ( Figure S6 and Table 3 ). We speculate that since these genes do not play a detectable 315 role in hopanoid side chain biosynthesis they may be involved in the regulation and/or membrane 316 transport of hopanoid molecules. The BCAM2736 and hpnB (BCAM2737) genes are highly 317 conserved among Burkholderia species and other hopanoid producing bacteria; however, the deletion 318 of these genes did not result in any defect in hopanoid biosynthesis or the ability of these mutants to 319 tolerate membrane stress. Burkholderia species are highly adaptive to a wide range of ecological 320
niches (Coenye and Vandamme, 2003), including the ability to colonize various hosts (Loutet and 321
Valvano, 2010). Therefore, the conditions used in our experiments most likely underestimate the full 322 spectrum of situations for which hopanoid production by B. cenocepacia could be required, and it is 323 possible that these genes may be required in situations not modeled by our experiments. There is little 324 information concerning the possible function of HpnL (BCAL1053). The loss of this protein resulted 325 in an intermediate phenotype, being able to grow as well as MH1K in the pH 7.0 buffered control and 326 in 0.03% SDS, but exhibiting delayed growth in both low pH medium and medium containing 327 polymyxin B (Figure S6 
Conclusions 346
In this study, we have defined the majority of the genes involved in the hopanoid biosynthetic 347 pathway of B. cenocepacia. This information will illuminate future identification of the unique and 348 specific functions that C 35 extended hopanoids, such as BHT cyclitol ether, play in bacterial 349 membrane physiology. Given that BHT provides a much higher degree of membrane integrity than 350 diploptene, it is clear that C 35 extended hopanoids, even in their most basic form, play a vital role in 351 the function of the B. cenocepacia membrane. Identifying the genes responsible for the modification 352 of extended hopanoids has also provided the tools needed to predict their structures based on genomic 353 and metagenomic sequence information, and will help with the interpretation of geomicrobiological 354 data. This work will also lead the way for future studies of functionalized hopanoids, providing 355 insight into their specific biological functions while also allowing for a more informed interpretation 356 of the hopanoid fossil record. Furthermore, the study of hopanoids in B. cenocepacia provides an 357 opportunity to explore novel treatment options for cystic fibrosis patients infected with Bcc species. 358
As these species are intrinsically resistant to most clinically relevant antibiotics, the increased 359 antibiotic sensitivity of the various hopanoid mutants raises the possibility of utilizing unique 360 inhibitors, in combination with current antibiotic treatments, to better control infection in these 361
patients. 362 363
Experimental procedures 364
Bacterial strains, plasmids and growth conditions 365
Bacterial strains and plasmids used in this study are listed in supplemental Table S1 . Bacteria grew on 366 LB agar plates or in LB broth with shaking at 37ºC. When necessary, Escherichia coli cultures were 367 supplemented with 40 µg ml -1 kanamycin, and 30 µg ml -1 tetracycline. B. cenocepacia cultures were 368 supplemented, as needed, with 100 µg ml -1 trimethoprim, and 150 µg ml -1 tetracycline. 369
370
Construction of deletion strains and complementing plasmids 371
The construction of unmarked, nonpolar mutant strains was performed as previously described by 372
Flannagan et al. (Flannagan et al., 2008) . The deletion mutagenesis plasmids were created by cloning 373 ~600-800-bp DNA amplicons flanking each of the putative hopanoid biosynthesis associated genes. 374
Amplified fragments were ligated into pGPI-SceI to create the desired deletion plasmids. The 375 mutagenic plasmids were mobilized into B. cenocepacia MH1K by triparental mating and 376 cointegrants selected using 100 µg ml -1 trimethoprim. Selection against E. coli donor and helper 377 strains after the triparental mating was accomplished using 200 µg ml -1 ampicillin in combination 378 with 25 µg ml -1 polymyxin B. The pDAI-SceI-SacB vector was used in the final stage of mutagenesis 379 to induce the second recombination event, leading to an unmarked gene deletion. This vector was 380 mobilized into B. cenocepacia MH1K cointegrants, and exconjugants were selected with 150 µg ml -1 381 tetracycline. Colonies were screened by PCR to confirm the presence of the appropriate gene 382
deletions. 383
Complementing plasmids were constructed by amplifying hpnG (BCAM2830), hpnI (BCAL1050) 384 and hpnJ (BCAL1051), and hpnK (BCAL1052) with the appropriate primer pairs. PCR products were 385 cloned into pSCrhaB2, resulting in the creation of pHpnG, pHpnI, pHpnJ, and pHpnK. 386
Complementing plasmids were introduced into the desired mutant strains by triparental mating as 387 described above. For unknown reasons, deletion of hpnH (BCAM2739) was not possible using the 388 method described above. To delete this gene the plasmid pDelBCAM2739 was mobilized into the 389 non-hopanoid-producing strain MH1KΔshc (Schmerk et al., 2011) , and the ΔhpnH mutant strain was 390 then created as outlined above. To restore hopanoid production following hpnH deletion, the hpnF2 391 gene (BCAM2831) was introduced via the complementing plasmid pBCAM2831 (Schmerk et al., 392
2011). 393 394
Analysis of hopanoids 395
Lipid extracts from the wild type (MH1K) and mutant strains were prepared using the method of 396
Welander et al. (Welander et al., 2012b) . Briefly, 200 ml of stationary phase culture were harvested 397 by centrifugation at 5000g for 10 min at 4ºC. Cells were disrupted by sonication in 10 ml of 10:5:4 398 (v:v:v) methanol (MeOH):dichloromethane (DCM):water for 15 min. Samples were centrifuged at 399 3000g for 10 min, the supernatant was transferred to a new tube and the pellet was treated once more. 400
Combined supernatants were separated into two phases via the addition of 10 ml DCM and 5 ml water 401 followed by centrifugation at 3000g for 10 min. The organic phase was placed in a new tube and the 402 residual aqueous phase was treated once more with 10 ml DCM and 5 ml water. Following 403 centrifugation, the organic phases were combined and evaporated under a stream of N 2 gas and the 404 total lipid extracts (TLE) were then dissolved in 2 ml DCM. To identify the production of the C 30 405 hopene, acetylated TLEs from each strain were analyzed by high temperature gas chromatography-406 mass spectrometry (GC-MS) as previously described (Welander et gamma rate categories, ten random starting trees, SPR+NNI branch swapping, and substitution 419 parameters estimated from the data. The finalized trees were generated by importing the resulting 420
PhyML tree into iTOL for editing (http://itol.embl.de/) (Letunic and Bork, 2011) . 421
422
Environmental stress tests 423
Strains grew overnight with shaking in unbuffered LB medium at 37ºC. Cultures were adjusted to an 424 OD 600 0.005 in the appropriate medium. Buffered LB medium was prepared by adding 100mM (final 425 concentration) MES (4-morpholineethanosulfonic acid) for pH 4.0 or 100mM MOPS (4-426 morpholionepropanesulfonic acid) for pH 7.0. Where appropriate, the pH 7.0 buffered LB medium 427 was supplemented with 0.03% SDS (w/v) or 1 mg ml -1 polymyxin B. Growth was determined in a 428 100-well disposable plate using a Bioscreen C automated microbiology growth curve analysis system 429 (MTX Lab Systems). Growth was monitored over 24 h at 37ºC. Representative growth curves of the wild type (MH1K) and mutant strain in LB buffered to pH 7.0 or 728 pH 4, LB buffered to pH 7.0 supplemented with 0.03% SDS, and LB supplemented with 1 mg ml -1 729 polymyxin B. Δshc is included as a control that cannot produce any hopanoids. All control strains 730 contain the empty complementing vector pSCRhaB2. The ΔhpnH mutant had to be created in a Δshc 731 mutant background and contains pBCAM2831 to restore hopanoid biosynthesis. Each time point 732 represents the average of three replicate cultures (the error bars represent standard deviations). Each 733 growth curve was repeated at least three times. 734 
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